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While the precise processes underlying a sex bias in the development of
central nervous system (CNS) disorders are unknown, there is growing evi-
dence that an early life immune activation can contribute to the disease
pathogenesis. When we mimicked an early systemic viral infection or applied
murine cytomegalovirus (MCMV) systemically in neonatal female and male
mice, only male adolescent mice presented behavioral deficits, including
reduced social behavior and cognition. This was paralleled by an increased
amount of infiltrating T cells in the brain parenchyma, enhanced interferon-y
(IFNy) signaling, and epigenetic reprogramming of microglial cells. These
microglial cells showed increased phagocytic activity, which resulted in
abnormal loss of excitatory synapses within the hippocampal brain region.
None of these alterations were seen in female adolescent mice. Our findings
underscore the early postnatal period’s susceptibility to cause sex-dependent
long-term CNS deficiencies following infections.

Perinatal brain damage is one of the primary causes of lifelong dis-
abilities such as cerebral palsy, seizure disorders, sensory impairment,
and cogpnitive limitations'. Emerging data clearly suggests that infec-
tion and inflammation are key contributors to the pathogenesis of
perinatal brain injury and consequent long-term impairment in brain
function’. Indeed, a number of developmental disorders, including
schizophrenia, autism spectrum disorder (ASD), depressive symptoms
and psychotic experiences, have been linked to early life immune
activation and subsequent dysregulation of immune function®>. When
an inflammatory milieu develops in the central nervous system (CNS),

microglia are among the first responders and rapidly obtain an upre-
gulated or activated phenotype®. The immune functions of microglia
are regulated by cytokines, including interferon-y (IFNy), which is a
major mediator of microglia activation. As a result, microglia undergo
changes in morphology, surface antigen expression and produce
numerous pro- and anti-inflammatory cytokines’”®. Because microglia
shape the neuronal network formation within the neonatal CNS, small
changes in microglia activity during this early time period may impair
the normal course of brain development. Disturbed microglia function
can affect synaptic maintenance’ or phagocytosis of living cells, dying
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or dead cells and axons'. Microglial dysfunction might also have an
adverse effect on myelination/oligodendrogenesis, neurogenesis and
axon fasciculation . According to epidemiological statistics, the
prevalence of developmental abnormalities, such as ASD, Attention
Deficit Hyperactivity Disorder (ADHD) and general learning disabilities
is twice as high in boys as it is in girls'. As a result, while investigating
the genesis of neurodevelopmental diseases connected to early
immunological activation, sex has emerged as an important aspect to
examine. Despite the significant experimental evidence of the long-
term and dramatic influence of early life immunological stressors on
neurodevelopmental disorders, we still do not know how these
imprinting processes are activated and how long they persist. Micro-
glia in the hippocampus of rats, for example, exhibit a significant rise in
Cd11b mRNA following a peripheral infection at postnatal day 4, and
this increase persists throughout adulthood®.

Herein, we report that a neonatal immune challange triggers the
entry of CD3" T cells into the brain parenchyma to a larger extent in
males than in females. The higher number of invading CD3" T cells in
males was associated with significantly elevated IFNy brain levels. IFNy
elicited sustained epigenetic changes in male microglia, which showed
augmented pruning of excitatory synapses that worsened hippo-
campal brain function and behavior during adolescence. In contrast,
microglia were only transiently activated after early immune stimula-
tion in female mice. Since human neurodevelopmental disorders often
show a sex bias', the observed sex differences in epigenetic microglia
programming following early immune activation may be of central
importance.

Results

Neonatal immune activation drives chronic behavioral deficits
and microglial activation in males

We first compared the consequences of neonatal immune activation in
male and female mice by injecting a low dose of poly-
riboinosinic:polyribocytidilic acid (poly(I:C)) daily from postnatal days
2 to 6 (P2-6) intraperitoneally (i.p.) (Fig. 1a). Poly (I:C) is a synthetic
analog of double-stranded RNA which induces a cytokine-associated,
viral-like acute-phase response”. In humans, immune stimulation,
especially in early development, has been associated with reduced
social behavior'®, impaired working memory profiles'® and diminished
recognition memory®’. Our goal was now to reproduce the behavioral
changes shown in humans in our mouse model and evaluated potential
behavioral abnormalities at peripubertal age (P40). The reason for
choosing this age of the animals was because the onset of many
behavioral disorders occurs during this developmental stage”. When
comparing mice of both sexes, only poly (I:C)-treated male mice
showed impaired social behavior as displayed in the three-chamber
test (Fig. 1b, c), defective spatial working memory (T-maze test, Fig. 1d)
and diminished recognition memory (novel-object recognition test
(NOR), Fig. 1e) when compared to their vehicle-treated male controls.
Mice of both sexes and both treatment groups showed similar beha-
vior during familiarization with the NOR (Fig. 1e). We further investi-
gated the effects of poly (I:C)-injected pups on the overall
development at day P7, P15 and P40. First, we observed a reduction in
body weight (Fig. S1a) and in brain weight (Fig. S1b) in pups of both
sexes subsequent to the poly (I:C) treatment when compared to the
control groups. While the body weight remained lower in the poly (I:C)-
treated group for both sexes at P40, the brain weight was significantly
lower only in males relative to male controls. In female mice, the brain
weight of control and poly (I:C)-treated mice was identical at P40
(Fig. S1b).

The observed behavioral changes might be due to the fact that
neonatal immune activation alters immunocompetent cells in the CNS,
which are subsequently proficient to modulate brain function. We first
used molecular techniques to study changes in microglia, a population
of cells which share both of these features”?. In order to analyze the

expression pattern of genes affected by early immune stimulation, we
performed RNA-sequencing analysis (RNA-Seq) on microglial cells
isolated from male and female mice at P40 (Fig. 1f). The isolated cell
populations were of high purity, based on the expression analysis
revealing almost exclusively microglial genes with only minor con-
tribution of genes expressed by endothelial, neuronal, astrocytic, oli-
godendrocytic and oligodendrocytic precursor cells (Fig. Sic,
Supplementary Dataset 1). While in poly (I:C)-treated males 995 genes
were differentially regulated, there were only 3 genes differentially
regulated in female mice in comparison to vehicle-treated controls
(Fig. 1g, Supplementary Dataset 2). One of the differentially regulated
genes was overlapping. Functional annotation of the differentially
regulated genes revealed that the clusters of up-regulated genes in
poly (I:C)-treated male mice included genes related to chromatin
organization, histone modification, inflammation, defense and viral
processes. On the other hand, the biological processes associated with
down-regulated genes were related to cell adhesion, endosome orga-
nization, cell death and proteolysis (Fig. 1h). The respective PCA dia-
gram showed that male and female controls as well as female poly (I:C)-
treated samples clustered together while male poly (I:C)-treated sam-
ples clustered separately (Fig. 1i).

We confirmed the differential gene expression in immune-
challenged male mice using RT-qPCR against some of the top differ-
entially expressed genes (Fig. 1j). The expression of Jun proto-oncogene
(Jun) and of ectonucleotide pyrophosphatase/phosphodiesterase 2
(Enpp2) was downregulated in the poly (I:C) group, which should result
in anti-inflammatory actions in microglia®**. Enhanced expression was
detectable for C-C motif chemokine 12 (Ccl12), interferon-inducible gene
204 (Ifi204) and sestrin 3 (Sesn3), which are all related to microglia
activation. Differential gene expression was only present in immune-
challenged male mice while the gene expression in female mice
remained unchanged.

We hypothesized that these longerlasting transcriptomic changes
in microglia are the result of epigenetic processes. To test this
hypothesis, we analyzed H3K9 acetylation (ac) and H3K4 trimethyla-
tion (me3) histone modifications by chromatin immunoprecipitation
quantitative PCR (ChIP-qPCR) of in microglia isolated from P40 mice
that were neonatally challenged with poly (I:C), or their corresponding
littermate controls (Fig. 1k). Here, we focused on Ccl12, Sesn3, and
Enpp2, which had all shown a differential gene expression in response
to poly (I:C). We followed up on those three genes because upregu-
lation of Ccli2 is indicative of an inflammatory gene expression
profile”. Sesn3 knockdown in microglia cells was shown to decrease
the expression of proinflammatory mediators, indicating the impor-
tant role of Sens3 in orchestrating proinflammatory responses.
Upregulation of Autotaxin, the gene product of Enpp2, inhibits
microglia activation and prevents cytokine production”. CclI2 and
Sesn3 showed increased H3K9ac binding levels while Enpp2 displayed
higher H3K4me3 binding levels. These alterations were seen in
microglia from immune-stimulated male mice when compared to
microglia from vehicle-treated mice and were mirrored by enhanced
gene expression of Ccl12 and Sesn3 and downregulation of Enpp2
(Fig. 1j). Changes in histone modifications after poly (I:C) injection
were missing in microglia isolated from female mice (Fig. 1k), which
corresponded to steady gene expression levels between vehicle- and
poly (I:C)-treated groups (Fig. 1j). Collectively, these data indicate that
early immune stimulation, particularly in male mice, changes the
acetylation and methylation marks of defined gene promoter regions
in microglia.

Only microglia of male immune-challenged mice modify newly
generated neurons in the dentate gyrus

Since the behaviors tested in this study are largely dependent on
hippocampal function involving the dentate gyrus (DG)*, we
used immunohistochemical techniques to study the activation of
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microglia in this region of the brain. Quantification of microglia
immunoreactive for the calcium-binding protein Ibal revealed that
neonatal poly (I:C) exposure had no effect on total microglia num-
bers in the DG at the adolescent stage (P40) in males and females
(Fig. 2a). In males, the exposure to neonatal immune activation
increased the expression of microglial CD68 (Fig. 2a), a lysosomal

marker typically expressed by activated microglia in the CNS*. The
same treatment did not alter CD68 signals in female mice. Three-
dimensional reconstruction showed that the CD68* signal was closely
localized to immature, doublecortin (DCX)-positive hippocampal
neurons® whose number did not change across all groups (Fig. 2a).
Moreover, the rate of proliferation and cell death of immature
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Fig. 1| Poly (I:C)-induced behavioral deficits are accompanied by transcrip-
tional and epigenetic changes in microglia of male mice. a Scheme of the
experimental timeline. b Left panel: sociability of male mice was measured at P40
by performing the three-chamber test: time spent by vehicle- and poly (I:C)-injected
male mice in one of the three compartments of the test apparatus: E (empty), C
(center), M (mouse). Preference for interacting with the mouse (M) over the empty
compartment (E) as seen in the controls could not be observed in poly (I:C)-injected
male mice. Data are presented as mean + SEM. Each color-coded symbol represents
data of an individual mouse (n =7 for Male, vehicle; n =8 for Male, poly (I:C)).
Significant differences were determined by one-way ANOVA followed by Sidak
multiple comparison test. P values are provided in the figure. Right panel: social
novelty was measured by conducting the three-chamber test with a familiar mouse
(M1), an empty compartment (E) and a stranger mouse (M2). Preference for the
stranger mouse (M2) over the familiar mouse (M1) as seen in control mice could not
be observed in male poly (I:C)-injected mice. Each color-coded symbol represents
data of an individual mouse (n=>5 for Male, vehicle; n=8 for Male, poly (I:C)).
Significant differences were determined by one-way ANOVA followed by Sidak
multiple comparison test. P values are provided in the figure. ¢ Left panel: socia-
bility of female mice was measured at P40 by conducting the three-chamber test:
time spent by female vehicle-injected and poly (I:C)-injected mice in the three
compartments of the test apparatus: E (empty), C (center), M (mouse). Preference
for the mouse (M) over the empty compartment (E) was observed in both, vehicle-
and poly (I:C)- injected female mice. Data are presented as mean + SEM. Each color-
coded symbol represents data of an individual mouse (n =7 for Female, vehicle;
n=_8 for Female, poly (I:C)). Significant differences were determined by one-way
ANOVA followed by Sidak multiple comparison test. P values are provided in the
figure. Right panel: social novelty was measured by conducting the three-chamber
test with a familiar mouse (M1), an empty compartment (E) and a stranger mouse
(M2). Preference for the stranger mouse (M2) over the familiar mouse (M1) was
observed in both vehicle- and poly (I:C)-injected female mice. Data are presented as
mean + SEM. Each color-coded symbol represents data of an individual mouse
(n=7 for Female, vehicle; n=9 for Female, poly (I:C)). Significant differences were
determined by one-way ANOVA followed by Sidak multiple comparison test. P
values are provided in the figure. d Percentage alteration in a T-maze test showing
spatial working memory defects in poly (I:C)-injected mice compared to vehicle-
injected mice. Data are presented as mean + SEM. Each color-coded symbol
represents data of an individual mouse (n =9 for Male, vehicle; n =7 for Male, poly
(I:C); n=7 for Female, vehicle; n=9 for Female, poly (I:C)). Significant differences

were determined by one-way ANOVA followed by Sidak multiple comparison test. P
values are provided in the figure. e Left panel: exploration time in the novel object
recognition test during familiarization. Right panel: exploration time of a novel
object in the novel object recognition test. Data are presented as mean = SEM. Each
color-coded symbol represents data of an individual mouse (n =6 per group).
Significant differences were determined by one-way ANOVA followed by Sidak
multiple comparison test. P values are provided in the figure. f Heat map of dif-
ferentially expressed microglial genes at P40 from male and female control and
poly (I:C)-treated mice, determined by RNA-Seq analysis of isolated microglia.
Genes sorted by log, fold change in descending order. Signals are scaled to Z-scores
of the rows. The colored bar below the heat map (horizontal dimension) indicates
the grouping variable. g The Venn diagram illustrates the overlap between differ-
entially expressed microglial genes from poly (I:C)-treated male and female mice.
h Results of gene ontology (GO) biological process (BP) enrichment analysis
associated with downregulated genes (blue color coding) and upregulated genes
(orange color coding). i Principal component analysis (PCA) of the RNA-Seq data
depicted as heat map under (F) for differentially expressed microglial genes at P40.
Data obtained from vehicle-treated male (filled circles, gray) and female mice (filled
squares, gray) as well as from poly (I:C)-treated male (filled circles, blue) and female
mice (filled squares, red) are shown. j Validation of RNA-Seq data by quantitative
RT-qPCR analysis of indicated genes in isolated microglia from male and female
control and poly (I:C)-treated mice. Each color-coded symbol represents data of an
individual mouse (Jun: n =8 for Male, vehicle; n= 6 for Male, poly (I:C); n=8 for
Female, vehicle; n = 8 for Female, poly (I:C). Sesn3: n =4 per group. [fi204: n =5 per
group. Enpp2: n=4 per group. CclI2: n=4 for Male, vehicle; n=3 for Male, poly
(I:C); n=4 for Female, vehicle; n =4 for Female, poly (I:C)). Significant differences
were determined by one-way ANOVA followed by Sidak multiple comparison test. P
values are provided in the figure. k ChIP-qPCR analysis at P40 for H3K4me3 or
H3K9ac occupancy on CCl12, Enpp2 and Sesn3 promoters in microglia isolated from
poly (I:C)- or vehicle-injected male and female mice. Data are expressed as percent
of input and normalized to Gapdh. Single dots represent the data from one single
mouse (Ccl12: n=7 for Male, vehicle; n=8 for Male, poly (I:C); n=7 for Female,
vehicle; n=7 for Female, poly(I:C). Enpp2: n = 4 for Male, vehicle; n =5 for Male, poly
(I:C); n=5 for Female, vehicle; n =4 for Female, poly(I:C). Sesn3: n=7 for Male,
vehicle; n =8 for Male, poly (I:C); n =6 for Female, vehicle; n=7 for Female,
poly(I:C).). Significant differences were determined by one-way ANOVA followed by
Sidak multiple comparison test. P values are provided in the figure. Source data are
provided as a Source data file.

neurons, as indicated by the proliferation marker Ki67 and by posi-
tive signals for actived caspase 3, respectively, was similar for all
investigated groups at P40 (Fig. S2a, b). Activated microglia have
been proposed to reduce the number of dendritic spines by pruning
or nibbling®. The higher number of activated microglia in the DG of
male poly (I:C)-treated mice corresponded with a lower number of
spines found on neurons of the DG in these mice at P40 (Fig. 2b-d).
During this pruning period at around P40, we used high resolution
confocal imaging to assess the interactions between microglia and
synaptic inputs in the DG (Fig. 2e). We detected more GFP-labeled
dendritic spines within the lysosome (defined by the CD68 signal) of
microglia in male mice, which had experienced neonatal immune-
stimulation, in comparison to vehicle-treated controls (Fig. 2e). In
some cases, the GFP signal in lysosomal structures was already dis-
connected from any neighboring neuronal processes (Fig. S2c). The
occurrence of enhanced pruning present in male mice following
immune stimulation was absent in female mice.

Distinctive IFNy level in CNS and periphery of neonatal male and
female mice after poly (I:C) exposure

In order to determine the distinctive factors, which are induced
during early response in male and female mice, we evaluated the
transcriptome of microglia isolated on day P7. We found a similar
number of differentially regulated genes and identified the same
enriched Gene Ontology (GO) terms for biological processes (BP) in
male and female mice (Fig. 3a, b). Out of the approximately 1500
differentially regulated genes, male and female mice shared 917
genes (Fig. 3¢, upper image). PCA diagram showed that all samples

from male and female controls and poly (I:C)-treated animals clus-
tered separately. PC1 (driven by the poly (I:C) treatment) accounted
for 82% and PC2 (driven by the sex of the animals) for 9% of the total
variance (Fig. 3c, lower image). Next, we verified typical gene
expression changes associated with a poly (I:C) challenge®*** by RT-
qPCR using forebrain and splenic tissue on day P6. Expression of
genes encoding for interferon beta (IFNS) and the proinflammatory
cytokines C-X-C motif chemokine ligand 11 (Cxclll), tumor necrosis
factor alpha (Tnfa), C-X-C motif chemokine ligand 10 (Cxcl10) and C-C
motif chemokine ligand 2 (Ccl2) were equally regulated in males and
females in response to poly (I:C) (Fig. 3d). The only exception was
interferon gamma (/FNy), which was more upregulated in the fore-
brain and spleen of males than in females following poly (I:C) appli-
cation (Fig. 3d). Poly (I:C) administration did not cause any
downregulation of the Toll-like receptor-3 (Tlr3) mRNA in the spleen
(Supplementary Fig. 3a). Because T cells can enter the brain in
response to immune stimulations and are further capable of produ-
cing IFNy***” we quantified parenchymal T cells in the hippocampal
brain region of neonatal male and female mice. In order to verify the
presence of T cells within the brain parenchyma we performed triple
immunostainings which allowed us to identify CD3" T cells with
respect to basal laminae proteins (stained with collagen IV) (Fig. 3e).
On day P6, the number of CD3" T cells present in the hippocampal
parenchyma was higher in brain tissue from poly (I:C)-injected male
mice than in brain tissue from poly(I:C)-injected female mice (Fig. 3e,
f). An enzyme-linked immunosorbent assay (ELISA) from forebrain
and splenic tissue obtained between 3 and 36 h after the last poly (I:C)
injection demonstrated significantly higher levels of IFNy in males
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than in females with a peak at 7 h after the last poly (I:C) injection
(Fig. 3g). In acutely isolated neonatal microglia from male and female
mice we found identical levels of phosphorylated STAT1 (pSTAT1)
upon IFNy stimulation (Fig. S3b, c). From this data, we can exclude
the possibility that the sensitivity of male and female microglia to
IFNy is different.
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Behavioral deficits and microglial activation in males after
neonatal immune activation are T cell-dependent

We next determined whether behavioral deficits and the impact on DG
immature neurons as seen in immune-challenged adolescent male
mice were T cell-dependent by using recombination activating gene 1
(Ragl)”" mice. These mice have small lymphoid organs and do not
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Fig. 2 | Activated microglia of male poly (I:C)-treated mice display sustained
disturbance of the neuronal connectivity within the dentate gyrus. a Upper
lane: immunohistochemical detection of CD68 (red), Ibal (white), DCX (green) and
DAPI (blue) at postnatal day 40 in the dentate gyrus of male and female poly (I:C)-
and vehicle-treated mice. Scale bar =10 um. Middle lane: higher magnification of
the images shown in the upper lane. Scale bar = 5 um. Lower lane: representative 3D
reconstruction based on the immunofluorescent images shown in the middle lane.
DCX is reconstructed in green, CD68 in red, Ibal in transparent white. The Ibal
reconstruction is shown in a translucent mode, allowing the reconstructed

CD68 signal to shine through with different intensities depending on the intracel-
lular localization. Scale bar =5 pm. Graphs below the images depict the quantifi-
cation of DCX" (n=7 for Male, vehicle; n=S5 for Male, poly (I:C); n=4 for Female,
vehicle; n =7 for Female, poly (I:C)), Ibal* (n = 8 for Male, vehicle; n =5 for Male, poly
(I:C); n =4 for Female, vehicle; n = 7 for Female, poly (I:C)) and Ibal'+CD68" cells per
DCX" cell (n =7 for Male, vehicle; n =5 for Male, poly (I:C); n =4 for Female, vehicle;
n=6 for Female, poly (I:C)) in the dentate gyrus. Each symbol represents one
mouse. Data are presented as mean + SEM. Significant differences were determined
by one-way ANOVA followed by Sidak multiple comparison test. P values are

provided in the figure. b Fluorescent images of Thyl-GFP* cells in vehicle-treated
and poly (I:C)-treated animals of both sexes. Representative 3D reconstructions of
dendritic spines are shown next to the original histological images. Scale bar =1 pum.
The area of interest is shown in (c) and marked with a white rectangle. Scale
bar =100 pm. Quantification of dendritic spines in the indicated region within the
dentate gyrus is shown in (d). Each symbol represents one mouse (n=>5 for Male,
vehicle; n =6 for Male, poly (I:C); n =5 for Female, vehicle; n=5 for Female, poly
(I:C)). Data are presented as mean + SEM. Significant differences were determined
by one-way ANOVA followed by Sidak multiple comparison test. P values are pro-
vided in the figure. e Inmunofluorescence staining in P40 mice of Ibal (white),
CD68 (red) and DAPI (blue) in vehicle- and poly (I:C)-injected Thyl-GFP (green)
male and female animals (left). Scale bars =10 um in the merged images and 5 um in
the inserts. Quantification of CD68'/ Thyl-GFP* signals per Ibal* microglia is shown
(right). Each symbol represents one mouse (n =3 for Male, vehicle; n =3 for Male,
poly (I:C); n =4 for Female, vehicle; n =4 for Female, poly (I:C)). Data are presented
as mean + SEM. Significant differences were determined by one-way ANOVA fol-
lowed by Sidak multiple comparison test. Pvalues are provided in the figure. Source
data are provided as a Source data file.

develop mature T lymphocytes®. For the behavioral experiments, we
mainly addressed spatial working memory and recognition memory.
We omitted the three-chamber test for the study of social behavior
because it has been previously reported that Ragl” mice display
impaired  functional social recognition ~memory under
homeostasis®*°. Early poly (I:C)-injection did not impair working
memory (Fig. 4a, b) and recognition memory (Fig. 4c, d) in young adult
male and female Ragl”" mice. For both sexes, immunohistological
analyses of the dentate gyrus region revealed no effect of early
poly (I:C)-injection on the number of immature neurons (Fig. 4e, f), on
their proliferation rate (Fig. 4g), or on the number of activated
microglia per DCX-positive neuron in Ragl”" mice when compared to
Ragl”* littermates (Fig. 4h, i). It is apparent from these experiments
that T cells represent a crucial catalyst for lasting behavioral and
neuronal changes as a consequence of early immune stimulation in
male animals. However, even under vehicle-treated conditions, male
and female Ragl”" mice displayed mild memory deficits in both
behavioral paradigms (Fig. 4a-d) as well as reduced neurogenesis
(Fig. 4g) relative to Ragl" littermates. We found that elevated fore-
brain IFNy level as seen following poly (I:C) application in wt mice were
abolished in Ragl” mice of both sexes (Fig. S3d). To evaluate whether
the increased IFNy levels observed in the brains of poly (I:C)-treated
male wt mice were responsible for the perturbed brain function in
adolescence, we tested behavioral effects of neonatal poly (I:C) treat-
ment in /FNy”" mice. Similar to Ragl”" mice, vehicle-treated male and
female IFNy”" mice already displayed memory deficits (Fig. 4j-1) as well
as defects in the neurogenic niche (Fig. 4m-o) relative to IFNy** con-
trol mice. However, in adolescent IFNy”" mice of both sexes, the neo-
natal poly (I:.C) treatment had no further detrimental effects on
memory performance and adult neurogenesis when compared to
vehicle-treated IFNy”" mice (Fig. 4j—q). Since a decisive baseline level of
IFNy seemed essential for normal brain development already during
embryonic development, we used a different approach and applied a
purified anti-mouse IFNy antibody (AB) to neutralize IFNy following
immune challenge in wild type mice (Fig. 5a)*". We only included male
mice in this experiment since female mice did not show any late
sequelae resulting from early immune stimulation. When neonatal
male mice were co-injected with poly (I:C) and IFNy AB, the memory
impairment observed at P40, which was initiated by early poly (I:C)
application, was prevented (Fig. 5Sb-d). In accordance with this finding,
co-injection of IFNy AB normalized the number of CD68-positive
phagocytic active microglia that were in close contact to immature
neurons (DCX') found in the dentate gyrus (Fig. Se). We then asked
whether IFNy AB co-treatment would interfere with poly(I:C)-induced
epigenetic modifications in microglia. In order to address this ques-
tion, we analyzed H3K4me3 and H3K9ac levels by ChIP-qPCR at the

promoters of Ccl12 (Fig. 5f), Sesn3 (Fig. 5g) and Enpp2 (Fig. Sh), which
were differentially regulated in the RNA-seq data sets. In support of our
behavioral and immunochistochemical data, we found neonatal co-
application of IFNy AB to reduce histone modifications, which were
enhanced by poly (I:C) treatment (Fig. 5f-h). Application of poly (I:C)
resulted in the preferential pruning of VGLUT1-positive synapses while
GAD-67 positive synapses were not affected (Fig. 5i, j). Co-application
of IFNy AB prevented the pruning of excitatory synapses as seen after
poly (I:C) was administered alone. The same IFNy AB treatment
reduced the number of T cells found in the brain parenchyma of male
and female mice after poly (l:C)-exposure (Fig. 5k, 1). To further
strengthen our hypothesis that early IFNy exposure drives later
memory impairment we injected female mice directly with IFNy during
early postnatal stage and found memory impairment in both beha-
vioral tasks when mice had reached adolescence (Fig. S4a-d). Early
exposure of female mice to IFNy also elicited an increase in H3K9ac at
the syntaxin 18 (Stx18) (Fig. S4e) and Sesn3 (Fig. S4f) gene promoter
region, respectively, while H3K4me3 levels at the biogenesis of lysoso-
mal organelles complex 1 subunit 5 (Bloc1s5) promoter region were not
affected (Fig. S4g). StxI8 is involved in endoplasmatic reticulum (ER)-
mediated phagocytosis, where the ER fuses with the plasmalemma of
macrophages underneath phagocytic cups*. BlocIsS encodes a sub-
unit of the BLOCI, a complex that is involved in the transport of some
but not all cargo to the lysosome and lysosome-related organelles®.
Although the early systemic application of IFNy to female mice did not
cause T cell invasion into the brain parenchyma (Fig. S4h), the spine
numbers were reduced (Fig. S4i).

Lasting adverse effects of early systemic MCMYV infection in
male mice

To evaluate whether the effects of a neonatal poly (I:C) challenge on
adolescenct brain function could also be recapitulated by an actual
viral infection, mice were peripherally infected with the mouse cyto-
megalovirus (MCMV) at days P2 and P4 (Fig. 6a). When mice were
tested for cognitive performance at P40, MCMV-infected male mice
showed poor working memory and reduced recognition memory, but
cognitive function in MCMV-injected female animals could not be
distinguished from control mice (Fig. 6b-d). We wanted to address
the question whether MCMV was still present in mice at the time the
behavioral experiments were performed since the virus impacts mye-
loid cell function*’. Thus, we screened for the presence of viral DNA by
PCR analysis of nucleic acid extracted from spleen (SP), brain (B) and
salivary gland (SG). MCMV-specific DNA from the M45 gene coding
region® was only detected in the SG of males and females at P15
(Fig. 6e). The virus was not detectable at P7 or P40, or in tissue from
vehicle-treated animals at any time points. Interestingly, although
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MCMV was never detected in the brain, the MCMV infection caused the
infiltration of CD3" T cells from the blood stream to the hippocampal
brain parenchyma (Fig. 6f). Similar to what was observed following
poly (I:C) treatment, more CD3" T cells migrated into the brain of male
than of female mice (Fig. 6g). To assess the immunological response to
systemic MCMV infection, total splenocytes (Fig. 6h) and T cell
populations (Fig. 6i) were analyzed by flow cytometry (Fig. S5). Male
and female mice showed a similar increase in cell numbers. There were
no distinctive, sex-specific differences in IFNy production by CD8"
(Fig. 6j) and CD4" T cells (Fig. 6k) 11 days after the MCMV infection. In
order to investigate whether sexual dimorphism in microglial response
was also present after early MCMV infection, we measured microglial
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phagocytic activity in the hippocampus of male and female mice at
P40 (Fig. 61, m). We performed immunocolocalization analysis of
hippocampal neurons in the DG region (Thyl-GFP) with microglial
cytoplasm (Ibal), which shows positive signals for the phagosomal
marker CD68. Our analysis revealed that microglia colocalization was
higher in males than in females (Fig. 6m). In further support of these
findings, the strong phagocytic activity of microglia in MCMV-infected
mice was highlighted by large cytosolic Lamp2* areas, which denote
regions of phagocytic activity*® (Fig. 6n). It was recently shown that
microglia were contributing to a late phase refinement by transiently
engulfing and removing synapses between P30 and P60". In early
MCMV-infected mice, there was a significant reduction in the density
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Fig. 3 | Male mice show a more pronounced acute response to early immune
stimuli than female mice. a, b Upper right panel: schematic diagram of the
experimental timeline. Left panel: Heat map of mRNA expression values deter-
mined by RNA-Seq in microglia isolated at P7 from forebrain of male (A) and
female (B) vehicle- and poly (I:C)-treated mice (n = 4,4 males; n=4,4 females).
Heatmap displays z-transformed expression values. The most significant terms
acquired from gene ontology (GO) enrichment analysis: Biological Procesess (BP)
are shown in the lower right panel. ¢ Upper panel: The Venn diagram illustrates
the overlap between differentially expressed microglial genes from poly (1:C)-
treated male and female P7 mice. Lower panel: principal component analysis
(PCA) of RNA-Seq data shown in Fig. 3a, b. Data obtained from vehicle-treated
male (filled circles, gray) and female mice (filled squares, gray) as well as from
poly (I:C)-treated male (filled circles, blue) and female mice (filled squares, red)
are shown. d Quantitative RT-qPCR of forebrain and spleen lysates obtained 3 h
after the last vehicle or poly (I:C) injection at postnatal day 6. Data are expressed
as the ratio of gene expression normalized to Gapdh. Each color-coded symbol
represents data of an individual mouse. Data are presented as mean + SEM
(Forebrain, Ifnf: n=5 for Male, vehicle; n = 6 for Male, poly (I:C); n =5 for Female,
vehicle; n= 6 for Female, poly (I:C). Forebrain, Cxcl11: n = 4 for Male, vehicle;n=6
for Male, poly (I:C); n =5 for Female, vehicle; n =6 for Female, poly (I:C). Fore-
brain, Tnfa: n =4 for Male, vehicle; n= 6 for Male, poly (I:C); n=5 for Female,
vehicle; n = 6 for Female, poly (I:C). Forebrain, Cxcl10: n = 4 for Male, vehicle; n=6
for Male, poly (I:C); n=5 for Female, vehicle; n =6 for Female, poly (I:C). Fore-
brain, IFNy: n=4 for Male, vehicle; n =6 for Male, poly (I:C); n=S5 for Female,
vehicle; n=6 for Female, poly (I:C). Forebrain, Ccl2: n =4 for Male, vehicle; n=6
for Male, poly (I:C); n=5 for Female, vehicle; n = 6 for Female, poly (I:C). Spleen,

IfnB: n=4 for Male, vehicle; n= 6 for Male, poly (I:C); n =5 for Female, vehicle;
n=6 for Female, poly (I:C). Spleen, Cxcl1I: n =5 for Male, vehicle; n = 6 for Male,
poly (I:C); n =5 for Female, vehicle; n = 6 for Female, poly (I:C). Spleen, Tnfa: n=4
for Male, vehicle; n = 6 for Male, poly (I:C); n=>5 for Female, vehicle; n=6 for
Female, poly (I:C). Spleen, Cxcl10: n = 4 for Male, vehicle; n = 6 for Male, poly (I:C);
n=5 for Female, vehicle; n =6 for Female, poly (I:C). Spleen, IFNy: n =4 for Male,
vehicle; n = 6 for Male, poly (I:C); n=5 for Female, vehicle; n= 6 for Female, poly
(I:C). Spleen, Ccl2: n=4 for Male, vehicle; n =6 for Male, poly (I:C); n=5 for
Female, vehicle; n= 6 for Female, poly (I:C)). Significant differences were deter-
mined by one-way ANOVA followed by Sidak multiple comparison test. P values
are provided in the figure. e Inmunohistochemical detection of CD3 (white),
collagen IV (green) and DAPI (blue) in the hippocampus of poly (I:C)- or vehicle-
injected animals at postnatal day 6. Scale bars =150 pum, 50 um (insets). Quanti-
fication of parenchymal CD3" cells shown in figure (e) is depicted in figure (f).
Each color-coded symbol represents one mouse (n=>5 per group). Data are pre-
sented as mean + SEM. Significant differences were determined by one-way
ANOVA followed by Sidak multiple comparison test. P values are provided in the
figure. g IFNy concentration as measured by enzyme-linked immunosorbent
assay (ELISA) in forebrain and spleen lysates at the indicated timepoints after the
last injection at postnatal day 6. Each color-coded symbol represents the mean of
5 mice. Data are presented as mean = SD. For each timepoint, significant differ-
ences were determined by one-way ANOVA followed by Sidak multiple compar-
ison test. P values for the comparison of male poly (I:C)-treated vs. male vehicle-
treated animals are depicted in blue. P values for the comparison of female poly
(I:C)-injected vs. vehicle-injected animals are shown in red. Source data are pro-
vided as a Source data file.

of excitatory synapses (vGlutl’/Homerl") while inhibitory synapses
(GAD67'/Homerl") were not affected (Fig. 60).

Discussion

The results of our present study link early peripheral immune stimu-
lation to behavioral changes later in life. In response to neonatal poly
(I:C)- or MCMV-injections, IFNy level increased in the periphery and in
the brain and T cells entered the brain parenchyma. IFNy led to an
epigenetic programming of microglial cells, as indicated by increased
H3K9 acetylation and H3K4 trimethylation, that lasted until at least
adolescence specifically in male mice. As a result, microglial phago-
cytosis remained highly activated and maintained a compromised
neural network in the hippocampal dentate gyrus. The immediate
effects of this disturbed neural network development were
hippocampus-dependent behavioral deficits, which affected working
memory, recognition memory and social behavior. These behavioral
impairments were exclusively seen in male mice and absent in
female mice.

In previous studies, it was already suggested that early immune
stimulation and long-term behavioral deficits may be closely inter-
twined. However, here it is important to distinguish between pre- and
postnatal immune activation. Maternal immune activation (MIA) has
become a well-established disease model for studying schizophrenia
and ASD**™°, During pregnancy, maternal exposure to bacterial (lipo-
polysaccharide, LPS) or viral (poly (I:C)) mimetics causes alterations in
the offspring’s brain development and function, as well as in their
behavior®. Similar to our findings employing neonatal immune sti-
mulation, a poly (I:C)-induced prenatal immune challenge at E9.5
triggers behavioral deficits and microglial changes preferentially in
males®.

While prenatal immune stimulation (e.g., MIA) has been thor-
oughly examined over the last years, relatively little is known about the
impact of an early postnatal challenge on CNS function. There is one
study, for instance, that found sex-specific memory impairments fol-
lowing stimulation with LPS or poly (I:C)*. Early immune stimulation
by postnatal LPS administration led to a long-term increase in spon-
taneous epileptiform activity>. Furthermore, it has been shown that a
subcutaneous administration of LPS at postnatal day 9 induces
alterations in feedforward GABAergic inhibitory postsynaptic

responses™. In general, LPS was shown to induce elevated cytokine
levels in both serum and the brain, as well as sickness- and depressive-
like behavior in male mice’®. Decreased social behavior is a hallmark
aspect of sickness behavior. Another study, which found lower socia-
bility in adult female mice but not male mice following early admin-
istration of LPS, rules out cytokines as a probable reason and
establishes a link between increased somatostatin interneurons in the
anterior cingulate cortex and social behavioral abnormalities®. Despite
all of this data, it still unclear what is to blame for behavioral impair-
ments in adult male mice after early immune activation. It is also
uncertain why female mice seem to be protected from the adverse
effects seen later in life even though they have experienced the same
early immune challenge as male mice. While our results stress the
importance of IFNy as a key player for the epigenetic programming of
microglial cells, the response to IFNy does not seem to be hampered in
female mice. Injection of IFNy elicited similar detrimental behavioral
effects in combination with epigenetic modifications as seen in male
mice after early poly (I:C) or virus exposure.

After postnatal poly (I:C) injections we observed significantly
higher IFNy levels in the spleen of male compared to female mice,
which correlated with higher IFNy mRNA expression levels. This find-
ing might be explained by differences in gonadal steroids. However,
the specific role of estrogen (17p-estradiol) in modulating IFNy levels is
still obscure because estrogenic compounds have been reported to
either suppress or enhance IFNy production in splenocytes™*’. All-
though in our experiments the immune challenge occurred during the
neonatal phase where gonadal steroids are low®’, the neonatal sex
steroid milieu might still be sufficient to affect the female IFNy
response. Previous research has shown that there are sex variations in
susceptibility to a viral infection, which are accompanied by a lower
CD4' T cell mediated response, including expression of IFNy in female
mice. To a certain extent this finding was attributed to decreased
signaling of TLR9 in female than male mice®. However, in our experi-
mental settings poly (I:C) injections did not cause any downregulation
of the Toll-like receptor-3 (Tlr3) mRNA in the spleen of female mice.
This observation excludes the possibility that different IFNy level are
caused by sex-dependent changes in TLR3 expression. Several studies
demonstrated that IFNy promotes the transendothelial migration of
T cells into the central nervous system®>, Higher IFNy levels in the
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periphery may explain the potentially higher migration of T cells in
male mice. However, our data obtained after MCMV-infection argue
against this hypothesis. After a systemic MCMV infection, the number
of T cells in the periphery was identical between male and female mice.
Importantly, similar to the situation after poly (I:C) injections, the
number of T cells in the brain parenchyma was higher in males than in
females. The finding that systemic IFNy in females induced identical
effects as seen after poly (I:C) application in males without an increase
in parenchymal T cells shows that robust levels of IFNy generated in

the periphery can initiate modified CNS function in females. Specific
features of the the blood-brain barrier (BBB) might contribute to
higher numbers of parenchymal T cells but also to higher IFNy levels in
the male brain. There might be differences in the available mechanisms
necessary for T cell migration and IFNy transport across the BBB
between male and female mice due to variable stages of development.
Furthermore, IFNy may have very deviating modulatory effects on the
cerebral vasculature in male and female mice, which results in dysre-
gulation or deterioration of BBB integrity>’. The BBB might also differ
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Fig. 4 | Behavioral deficits in male mice are induced by T cells and Interferon-y.
a Schematic diagram of the experimental timeline. b Percentage alteration in a
T-maze test displayed by poly (I:C)-injected male and female Ragl”” mice compared
to either vehicle-injected male and female Ragl”~ mice or vehicle-injected Ragl**
mice of both sexes as shown in a bar graph at postnatal day 40. Data are presented
as mean + SEM. Each dot represents data of an individual mouse (n =S5 for Male,
Ragl”* (vehicle); n=7 for Male, Ragl™ (vehicle); n= 6 for Male, Ragl” (poly
(I:C)); n=5 for Female, Ragl** (vehicle); n=7 for Female, Ragl” (vehicle); n=7
for Female, Ragl™ (poly (I:C))). Significant differences were determined by one-
way ANOVA followed by Sidak multiple comparison test. P values are provided

in the figure. ¢ Exploration time in the novel object recognition test of one object
during familiarization. Data are presented as mean + SEM. Each dot represents
data of an individual mouse (n =5 for Male, Ragl”* (vehicle); n =7 for Male, Ragl™
(vehicle); n= 6 for Male, Ragl™”~ (poly (I:C)); n =5 for Female, Ragl”* (vehicle); n=7
for Female, Ragl™" (vehicle); n=7 for Female, Ragl™" (poly (I:C))). Significant dif-
ferences were determined by one-way ANOVA followed by Sidak multiple com-
parison test. P values are provided in the figure. d Exploration time of a novel object
in the novel object recognition test. Data are presented as mean + SEM. Each

dot represents data of an individual mouse (n=5 for Male, Ragl”* (vehicle);

n=7 for Male, Ragl™" (vehicle); n =6 for Male, Ragl™”~ (poly (I:C)); n=5 for
Female, Ragl”* (vehicle); n=7 for Female, Ragl™”" (vehicle); n=7 for Female,
Ragl™ (poly (I:C))). Significant differences were determined by one-way ANOVA
followed by Sidak multiple comparison test. P values are provided in the figure.

e Immunohistochemical detection at postnatal day 40 of Ki67 (white), DCX (red)
and DAPI (blue) in the dentate gyrus of the hippocampus of poly (I:C)- or vehicle-
injected Ragl” and vehicle injected RagI”* animals. Scale bar = 50 pm. Quantifi-
cation of DCX" cells is shown in figure (f). Quantification of DCX'+Ki67" cells is
shown in figure (g). Data are presented as mean + SEM. Each color-coded symbol
represents data of an individual mouse (n=>5 for Male, Ragl** (vehicle); n=6 for
Male, Ragl™ (vehicle); n= 6 for Male, Ragl™ (poly (I:C)); n=>5 for Female, Ragl"*
(vehicle); n =6 for Female, Ragl™~ (vehicle); n= 6 for Female, Ragl” (poly (I:C))).
Significant differences were determined by one-way ANOVA followed by Sidak
multiple comparison test. P values are provided in the figure. h Quantitative ana-
lysis of Ibal*+CD68" cells in direct contact with DCX" cells in the dentate gyrus as
shown in figure (i). Data are presented as mean + SEM. Each color-coded symbol
represents data of an individual mouse (n =5 for Male, Ragl™* (vehicle); n=6 for
Male, Ragl™~ (vehicle); n =6 for Male, Ragl” (poly (I:C)); n=>5 for Female, Ragl"*
(vehicle); n=6 for Female, Ragl™”~ (vehicle); n= 6 for Female, Ragl™™ (poly (I:C))).
Significant differences were determined by one-way ANOVA followed by Sidak
multiple comparison test. P values are provided in the figure. i At postnatal day 40,
brains were analysed by immunohistochemical labeling of CD68 (white), Ibal
(purple) and DAPI (blue) in the dentate gyrus of the hippocampus of poly (I:C)- or

/+

vehicle-injected Ragl” and vehicle-injected Ragl”* animals. Scale bar =50 pm.

j Percentage alteration in a T-maze test of poly (I:C) injected male and female IFNy”
mice compared to either vehicle injected male and female /FNy”~ mice or vehicle
injected IFNy** mice of both sexes. Data are presented as mean + SEM. Each dot
represents data of an individual mouse (n =7 for Male, IFNy** (vehicle); n=7 for
Male, IFNy™" (vehicle); n=7 for Male, IFNy” (poly (I:C)); n =6 for Female, IFNy**
(vehicle); n=7 for Female, IFNy”~ (vehicle); n=7 for Female, IFNy” (poly (I:C)).
Significant differences were determined by one-way ANOVA followed by Sidak
multiple comparison test. P values are provided in the figure. k Exploration time in
the novel object recognition test of one object during familiarization. Data are
presented as mean + SEM. Each dot represents data of an individual mouse (n=7
for Male, IFNy** (vehicle); n =7 for Male, IFNy”~ (vehicle); n =7 for Male, IFNy”~
(poly (I:C)); n = 6 for Female, IFNy”* (vehicle); n="7 for Female, IFNy”" (vehicle);
n=7forFemale, IFNy”" (poly (I:C)). Significant differences were determined by one-
way ANOVA followed by Sidak multiple comparison test. P values are provided in
the figure. 1 Exploration time of a novel object in the novel object recognition test.
Data are presented as mean + SEM. Each dot represents data of an individual
mouse (n =7 for Male, IFNy"* (vehicle); n=7 for Male, IFNy”~ (vehicle); n=7 for
Male, IFNy™ (poly (I:C)); n = 6 for Female, IFNy*”* (vehicle); n =7 for Female, IFNy”
(vehicle); n=7 for Female, IFNy”~ (poly (I:C)). Significant differences were deter-
mined by one-way ANOVA followed by Sidak multiple comparison test. P values are
provided in the figure. m Immunohistochemical detection of Ki67 (white), DCX
(red) and DAPI (blue) in the dentate gyrus of the hippocampus of poly (I:C)- or
vehicle-injected /FNy”~ and vehicle-injected /FNy** animals was performed at
postnatal day 40. Scale bar = 50 pm. Quantitative analysis of DCX" cells is shown in
figure (n). Quantification of DCX"+Ki67" cells is shown in figure (0). Data are pre-
sented as mean + SEM. Each color-coded symbol represents data of an individual
mouse (n =6 for Male, IFNy™* (vehicle); n=7 for Male, IFNy”" (vehicle); n=6 for
Male, IFNy™ (poly (I:C)); n =7 for Female, IFNy** (vehicle); n =7 for Female, IFNy”
(vehicle); n=7 for Female, IFNy”~ (poly (I:C)). Significant differences were deter-
mined by one-way ANOVA followed by Sidak multiple comparison test. P values are
provided in the figure. p Quantification of Ibal*+CD68" cells in direct contact with
DCX" cells in the dentate gyrus of the hippocampus of poly (I:C)- or vehicle-injected
IFNy”" and vehicle-injected JFNy”* animals as depicted in (q). Data are presented as
mean + SEM. Each color-coded symbol represents data of an individual mouse
(n= 6 for Male, IFNy"* (vehicle); n=7 for Male, IFNy”" (vehicle); n=6 for Male,
IFNy™ (poly (I:C)); n =6 for Female, IFNy** (vehicle); n=7 for Female, IFNy”
(vehicle); n=7 for Female, IFNy”~ (poly (I:C)). Significant differences were deter-
mined by one-way ANOVA followed by Sidak multiple comparison test. P values are
provided in the figure. @ Immunolabeling at postnatal day 40 for CD68 (white), Ibal
(purple) and DAPI (blue). Scale bar = 50 pm, 25 um (insert). Source data are pro-
vided as a Source data file.

in maturation in both sexes. Thus, early exposure to an immune
challenge may favor transmigration of T cells and the IFNy transport
from the periphery to the brain in male mice®". Notably, the effects
including behavioral deficits were absent in male poly (I:C)-injected
IFNy”~ mice and in male poly (I:C)-injected Ragl”" mice, which lack
mature B and T cells. Since B cells are not IFNy producers, IFNy origi-
nating from T cells was indeed the main source for lasting behavioral
and neuronal changes. Since untreated Ragl” and IFNy”" mice showed
neurogenesis and memory deficits, IFNy baseline levels may be
required for normal brain development and function®. The fact that
poly (I:C) did not impair the cognitive performance or adult neuro-
genesis in Ragl”” and IFNy”" mice any further suggested a key role for
T cells and IFNy in these processes, which were not further intensified
by poly (I:C) because a so-called ceiling effect had most likely been
reached. In order to avoid the baseline effects seen in JFNy” mice, we
changed the mouse model and systemically administered a neutraliz-
ing IFNy antibody to wild type mice. When the antibody was co-
injected with poly (I:C), the cognitive impairment seen after poly (I:C)
injection alone was no longer present. In the case that the antibody is
unable to cross the blood-brain-barrier, the results would then suggest
a contribution of peripheral IFNy to this process. Indeed, a recent
study described a critical role for meningeal IFNy in mediating both
neural function and social behavior®. IFNy was produced by meningeal
T cells, which never showed any transmigration. This discrepancy to

our findings is most likely based on the very different ages of mice used
in both studies, which seems to be critical for T cell transmigration. We
were stimulating mice as neonates, Filiano et al. used adult mice®. Even
though the effects of IFNy are far from being completely understood,
there is emerging evidence that the cytokine is involved in chromatin-
modifying changes that could regulate the expression of other genes.
In particular, it has been shown that IFNy modulates the mRNA
expression of epigenetic regulators in human blood monocyte-derived
macrophages®’. Moreover, IFNy is capable of priming and inducing de
novo enhancer formation to promote activation of gene
transcription®®. In our present work, early immune activation resulted
in epigenetically-modified microglia, which is in accordance with pre-
vious data from our and other groups indicating that acetylation and
methylation of H3 are associated with altered microglial function after
an immune challenge®’®. It might seem surprising that Enpp2
expression was downregulated in males after poly (I:C) challenge while
levels of H3K4me3 were increased because H3K4me3 is in general
believed to facilitate gene expression’’. However, the fact that lack of
H3K4me3 has no major impact on the transcription of numerous genes
and the observation that transcription of some genes can be negatively
or positively regulated, argues against its general role as an activator of
gene transcription”’. The fact that H3K4me3 may attract a number of
different factors altering transcription, can explain why H3K4me3
might have both, activating or repressing function.
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Particularly in male mice, epigenetic changes occurred together
with prolonged microglial activation, which caused excessive pruning
of excitatory synapses in the adult hippocampal neuronal network.
This microglia-typical extensive surveillance of the brain parenchyma
to fine-tune neural circuits spared inhibitory synapses. How microglia-
synapse interactions differ between excitatory and inhibitory synapses
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is still unclear, but in our hands, using a perinatal infection model, the
enhanced neuron pruning by microglia should result in a lower overall
activation status of the brain. Our data reveal that microglia’s mod-
ulatory effects can last long after the pathogenic process has been
terminated. One far-reaching question of these lasting alterations in
neuroimmune function is whether the brain has the ability to fully
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Fig. 5| Interferon-y neutralizing antibody prevents unfavorable effects induced
by early poly (I:C) exposure. a The schema illustrates the individual steps of the
workflow to obtain the data shown in Fig. 5Sb-q. b Percentage alteration in a T-maze
test performed at postnatal day 40 shown by vehicle-injected male mice compared
to male mice injected with poly (I:C), neutralizing IFNy antibody, a combination of
poly (I:C) and neutralizing IFNy antibody or a combination of poly (I:C) + [FNy
antibody isotype control. Data are presented as mean + SEM. Dots represent single
mice (n =8 for Male, wt (vehicle); n=9 for Male, wt (poly (I:C)); n=6 for Male, wt
(poly (I:C) + IFNy AB); n =7 for Male, wt (IFNy AB); n =7 for Male, wt (poly (I:C) + IFN
is0)). Significant differences were determined by one-way ANOVA followed by
Sidak multiple comparison test. P values are provided in the figure. ¢ Exploration
time of one object in the novel object recognition test during familiarization. Data
are presented as mean + SEM. Dots represent single mice (n =8 for Male, wt
(vehicle); n =9 for Male, wt (poly (I:C)); n = 6 for Male, wt (poly (I:C) + IFNy AB); n=7
for Male, wt (IFNy AB); n=8 for Male, wt (poly (I:C) + IFN iso)). Significant differ-
ences were determined by one-way ANOVA followed by Sidak multiple comparison
test. P values are provided in the figure. d Exploration time of a novel object in the
novel object recognition test. Identical treatment groups as employed for the T
maze test (B) were used for the novel object recognition test (C,D). Data are pre-
sented as mean + SEM. Dots represent single mice (n = 8 for Male, wt (vehicle);n=9
for Male, wt (poly (I:C)); n = 6 for Male, wt (poly (I:C) + IFNy AB); n =7 for Male, wt
(IFNy AB); n =8 for Male, wt (poly (I:C) + IFN iso)). Significant differences were
determined by one-way ANOVA followed by Sidak multiple comparison test. P
values are provided in the figure. e Inmunohistochemical detection of CD68 (red),
Ibal (white), DCX (green) and DAPI (blue) in the dentate gyrus of male mice injected
with vehicle, poly (I:C), poly (I:C) combined with neutralizing IFNy antibody or
injected with neutralizing IFNy antibody alone (left) in P40 mice. Scale bar =20 pm.
Quantification of DCX* cells and quantification of 1bal’*+CD68" cells in direct con-
tact with DCX" cells are shown below. Each color-coded symbol represents data of
an individual mouse (n = 4 for Male, wt (vehicle); n =5 for Male, wt (poly (1:C)); n=4
for Male, wt (poly (I:C) + IFNy AB); n =4 for Male, wt (IFNy AB)). Significant differ-
ences were determined by one-way ANOVA followed by Sidak multiple comparison

test. Pvalues are provided in the figure. f-h ChIP-qPCR analysis at P40 for H3K4me3
or H3K9ac occupancy on Ccl12, Sesn3 and Enpp2 promoters in microglia isolated
from male mice, which were neonatally injected with vehicle, poly (I:C) or with poly
(I:C) combined with neutralizing IFNy antibody. Quantification of enrichment is
represented as fold-enrichment over the background level. Single dots represent
the data from one single mouse (n = 6 for Male, wt (vehicle); n =7 for Male, wt (poly
(I:C)); n= 6 for Male, wt (poly (I:C) + IFNy AB)). Significant differences were deter-
mined by one-way ANOVA followed by Sidak multiple comparison test. P values are
provided in the figure. i Positive immunofluorescent signals for Homer1 (tur-
quoise), vGlutl (red) and GAD-67 (green) in the dentate gyrus of the hippocampus
of male mice at postnatal day 40 injected with vehicle, poly (I:C) and poly (I:C)
combined with neutralizing IFNy antibody. Scale bar =2 um. j Left panel: quantifi-
cation of synapses by overlapping Homer1/vGlutl positive signals. Data are pre-
sented as mean + SEM. Single dots represent the data from one single mouse (n=7
for Male, wt (vehicle); n =5 for Male, wt (poly (I:C)); n=5 for Male, wt (poly (I:C) +
IFNy AB)). Significant differences were determined by one-way ANOVA followed by
Sidak multiple comparison test. P values are provided in the figure. Right panel:
quantification of synapses by overlapping Homerl/GAD-67 positive signals. Data
are presented as mean + SEM. Single dots represent the data from one single mouse
(n=6 for Male, wt (vehicle); n=S5 for Male, wt (poly (I:C)); n =8 for Male, wt (poly
(I:C) + IFNy AB)). Significant differences were determined by one-way ANOVA fol-
lowed by Sidak multiple comparison test. P values are provided in the figure.

k Immunofluorescence images of DAPI (blue), CD3 (white) and Collagen IV (green)
from dentate gyrus of male and female neonatal mice (P6) injected with vehicle,
poly (I:C) and poly (I:C) combined with neutralizing IFNy antibody. Scale bares =
150 um, 50 pm (insets). I Quantification of parenchymal CD3" T cells on postnatal
day 6. Pups were treated with vehicle, poly (I:C) and poly (I:C) combined with
neutralizing IFNy antibody. Data are presented as mean + SEM. Each color-coded
symbol represents one mouse (n =3 for Male, wt (vehicle); n=3 for Male, wt (poly
(I:C)); n=3 for Male, wt (poly (I:C) + IFNy AB); n = 5 for Female, wt (vehicle); n = 4 for
Female, wt (poly (I:C)); n =4 for Female, wt (poly (I:C) + IFNy AB)). Source data are
provided as a Source data file.

reestablish homeostasis. If not, early sickness like infections that acti-
vate the immune system may cause not only the initial activated
immune state, but also a new, permanently altered state of the male
brain. Females appear to have a greater intrinsic threshold to endure
the far-reaching influence of early immunological assaults on brain
function, either totally or partially.

Methods

Mice

Animal studies were approved by the Regional Council of Freiburg,
Germany, and the Research Ethics Committee at Leuven University,
Leuven, Belgium. Male and female mice were used for the experiments.
Mice were group housed up to five per cage with 12 h light/dark cycle
with lights on at 6 a.m. Food and water were available ad libitum.
Ambient temperature was 20-22 °C with 40-60% humidity. C57BL/6)
mice were used as WT mice. RagI” mice (strain no. 002216), IFNy”" mice
(strain no. 002287) and Thyl-GFP-M transgenic animals (strain no.
007788) all on C57BL/6] genetic background, were obtained from the
Jackson Laboratories. Tissue obtained from a female 8 week old Cx3crI®®
x Usp18" mouse™ served as a positive control for western blots.

Intraperitoneal injections

Neonatal mice were injected intraperitoneally (i.p.) with poly (I:C)
[5 mg/kg] or vehicle once daily from postnatal day 2 to postnatal day 6.
WT bacterial artificial chromosome (BAC) derived, MCK-2 repaired
MCMV” (60 PFU*) was also given i.p. at postnatal days 2 and 4. To
deplete IFNy, we coinjected 0.5mg of IFNy monoclonal antibody
(mAb) (XMG1.2; Leinco). IFNy was injected at P2, P4, and P6 at a con-
centration of 10* IU/kg.

Behavioral testing
Three-chamber social preference test. Sociability and social novelty
was assessed in a three-chamber social approach apparatus using a

modification of the previously described protocol™. Briefly, mice
were placed in a rectangular apparatus divided into 3 chambers by
transparent partitions with small circular openings allowing easy
access to all compartments. In a 10-min session, an age- and sex-
matched, unfamiliar C57BL/6) mouse (M) was placed in one of the
two wire cages. The wire cage on the other side remained empty (E).
The test mouse was placed in the center, and allowed to freely
explore the chamber. In a social novelty test session (10 min), an age-
and sex-matched C57BL/6] stranger mouse (M2) was placed in one
wire cage, the other wire cage was occupied by an age- and sex-
matched, familiar C57BL/6) mouse (M1). Thus, the test mouse had
the choice to interact with a mouse that was already familiar (M1) or
with a new stranger mouse (M2). The movement of the mouse was
recorded by a video camera and PC-based video capture software.
The recorded video file was further analyzed by off-line video
tracking software (BIOBSERVE, Germany). Time spent in each
chamber was measured.

T-maze test. Spatial working memory was tested using the T-maze test
as previously described*®. Training of a mouse consisted of one single
session, which started with one forced-choice trial, followed by 14 free-
choice trials.

Novel object recognition test. The Novel Object Recognition (NOR)
task is used to evaluate cognition, particularly recognition memory.
During habituation, the animals were allowed to explore an empty
arena for 10 min. Twenty-four hours after habituation, the animals
were exposed to the familiar arena with two identical objects placed at
an equal distance. After 6 h, the mice were allowed to explore the open
field in the presence of the familiar object and a novel object to test
long-term recognition memory. The time spent exploring each object
was recorded. The experiment was stopped for each run when mice
had interacted with both objects for a total time of 20s.
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eBioscience, 1:200) and anti-CD45 (clone 30-F11, eBioscience, 1:200)
antibodies. Isolation of immune cells and flow cytometry. Splenocytes
were obtained by gentle pressure-dissociation of spleen in HBSS sup-
plemented with 1% HEPES buffer (pH 7) and glucose, and then passed
through a sterile 100 um cell strainer. Red blood cells were lysed using
3 ml of RBC lysis buffer (Bio-Legend, San Diego, CA) and incubated for
Smin on ice. The reaction was stopped by adding 8 mL of ice-cold
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Fig. 6 | Neonatal MCMV infection causes synaptic and behavioral deficits in a
sex-specific manner. a Schematic diagram of the experimental timeline.

b Percentage alteration in a T-maze test displayed at postnatal day 40 by vehicle-
injected mice compared to MCMV-infected mice of both sexes. Data are presented
as mean = SEM. Single dots represent the data from one single mouse (n =6 for
Male, P40, vehicle; n =7 for Male, P40, MCMV; n =7 for Female, P40, vehicle; n=8
for Female, P40, MCMV). Significant differences were determined by one-way
ANOVA followed by Sidak multiple comparison test. P values are provided in the
figure. ¢ Exploration time of one object in the novel object recognition test during
familiarization at P40. Data are presented as mean + SEM. Single dots represent the
data from one single mouse (n = 6 for Male, P40, vehicle; n=7 for Male, P40,
MCMV; n =7 for Female, P40, vehicle; n =8 for Female, P40, MCMV). Significant
differences were determined by one-way ANOVA followed by Sidak multiple
comparison test. P values are provided in the figure. d Exploration time of a novel
object in the novel object recognition test by vehicle-injected mice compared to
MCMV-infected mice of both sexes. Data are presented as mean + SEM. Single dots
represent the data from one single mouse (n = 6 for Male, P40, vehicle; n=7 for
Male, P40, MCMV; n =7 for Female, P40, vehicle; n =8 for Female, P40, MCMV).
Significant differences were determined by one-way ANOVA followed by Sidak
multiple comparison test. P values are provided in the figure. e Viral genome
equivalents relative to GAPDH in spleen (SP), brain (B) and salivary gland (SG) at
postnatal days P7, P15 and P40 in vehicle- and poly (I:C)-injected mice of both sexes
(n=>5-9 per age/sex/treatment combination) determined by quantitative RT-PCR.
Data are presented as mean + SEM. Single dots represent the data from one single
mouse (n=>5 for Male, MCMV, P15, SG; n = 6 for Female, MCMV, P15, SG). Significant
differences were determined by an unpaired, two-tailed ¢-test. The p value is pro-
vided in the figure (n.d.: not detectable). f Immunohistochemistry for CD3" T cells
(white), Collagen IV (green) and DAPI (blue) in the hippocampus of MCMV-infected
or vehicle-injected animals obtained with P15 animals. Scale bars =150 pm, 50 pm
(insets). g Quantification of parenchymal CD3-positive T cells in hippocampal tissue
at P15. Data are presented as mean + SEM. Each color-coded symbol represents data
obtained from one mouse (n =6 for Male, P15, vehicle; n=7 for Male, P15, MCMV;
n=5 for Female, P15, vehicle; n =7 for Female, P15, MCMV). Significant differences
were determined by one-way ANOVA followed by Sidak multiple comparison test. P
values are provided in the figure. h, i Left panel: flow cytometry analysis and
quantification of splenocytes isolated from spleen of male and female P15 mice,
which were treated with vehicle or with MCMV. Data are presented as mean + SEM.
Each color-coded symbol represents data of an individual mouse (n = 6 for Male,
P15, vehicle; n="7 for Male, P15, MCMV; n =6 for Female, P15, vehicle; n=7 for

Female, P15, MCMV). Significant differences were determined by one-way ANOVA
followed by Sidak multiple comparison test. P values are provided in the figure.
Right panel: flow cytometry analysis and quantification of T cells isolated from
spleen of male and female P15 mice, which were treated with vehicle or with MCMV.
Data are presented as mean + SEM. Each color-coded symbol represents data of an
individual mouse (n = 6 for Male, P15, vehicle; n=7 for Male, P15, MCMV; n=5 for
Female, P15, vehicle; n =7 for Female, P15, MCMV). Significant differences were
determined by one-way ANOVA followed by Sidak multiple comparison test. P
values are provided in the figure. j, k IFNy production in CD8" and CD4" T cells (k) as
measured by geometric mean fluorescence intensity (MFI) in P15 vehicle- and
MCMV-injected mice of both sexes. Data are presented as mean + SEM. Each color-
coded symbol represents data of an individual mouse (n = 6 for Male, P15, vehicle;
n=7 for Male, P15, MCMV; n =5 for Female, P15, vehicle; n=7 for Female, P15,
MCMV). Significant differences were determined by one-way ANOVA followed by
Sidak multiple comparison test. P values are provided in the figure.
IImmunohistochenistry in P40 mouse dentate gyrus of Ibal (white), CD68 (red) and
DAPI (blue) from vehicle- and MCMV-injected Thyl-GFP (green) male and female
animals. Scale bar =10. m Quantification of images shown under (I) by analysis of
CD68' + Thyl-GFP* signals per microglia cell (Ibal’). Data are presented as

mean + SEM. Each color-coded symbol represents data of an individual mouse
(n=3 for Male, P40, vehicle; n=3 for Male, P40, MCMV; n =3 for Female, P40,
vehicle; n =3 for Female, P40, MCMV). Significant differences were determined by
one-way ANOVA followed by Sidak multiple comparison test. P values are provided
in the figure. n Immunohistochemical analysis of mice at P40 to detect Ibal (yel-
low), Lamp2 (red) and DAPI (blue) in the dentate gyrus of the hippocampus of male
vehicle-treated and MCMV-infected mice. Each color-coded symbol represents data
of an individual mouse. Scale bars =10 pm, 2 um (insets). Quantification of Lamp2*
area per Ibal" area is shown in the bar graph to the right. Data are presented as
mean + SEM. Each color-coded symbol represents data of an individual mouse
(n=7 for Male, P40, vehicle; n =6 for Male, P40, MCMV). Significant differences
were determined by one-way ANOVA followed by Sidak multiple comparison test. P
values are provided in the figure. o Immunohistochemistry of Homerl (turquoise),
vGlutl (red) and GAD-67 (green) in the dentate gyrus of the hippocampus of
infected or vehicle-injected animals performed at postnatal day 40. Scale bar =2
um. Quantification of synapses is shown in the bar graph to the right. Each dot
represents data of one individual mouse (n = 3 for Male, P40, vehicle; n = 3 for Male,
P40, MCMV). Data are presented as mean + SEM. Significant differences are
determined by an unpaired two-tailed t-test. P values are provided in the figure.
Source data are provided as a Source data file.

FACS buffer. Splenocytes were counted on a hemocytometer and
resuspended in DMEM supplemented with 10% FBS and L-glutamine to
a density of 2x10° cells/ml. Splenocytes were then stimulated with
PMA (5 ng/ml, Sigma) and ionomycin (1 uM; Sigma) in the presence of
brefeldin A (5 pg/ml; BioLegend) for 3 h at 37 °C. After the incubation,
splenocytes were stained with fixable viability dye (eF780,
eBioscience) for 20 min, blocked using Fc block for 5 min (clone 2.4G2,
BD Biosciences), and stained for cell surface antigens for 30 min. Then,
the cells were sequentially fixed and permeabilized using Fixation
Buffer and Intracellular Staining Permeabilization Wash Buffer (both
from BioLegend), and stained for intracellular antigens. All steps were
performed on ice and the antibodies used were CD3e (clone 145-2C11,
eBioscience, 1:200), CD4 (clone RM4-5, BD Biosciences, 1:200), CD8a
(clone 53-6.7, eBioscience, 1:200), CD49d (clone R1-2, BiolLegend,
1:200), CD11a (clone M17/4, eBioscience, 1:200), CD19 (clone 1D3, BD
Biosciences), NK1.1 (clone PK136, Biolegend) and IFNy (clone XMGL.1,
eBioscience, 1:200). Cells were sorted using a FACSAria Ill (Becton
Dickinson) and used for further analysis.

RT-qPCR and RNA sequencing

RNA from FACS-purified microglia was purified using the Arcturus
PicoPure RNA Isolation Kit (ThermoFisher Scientific) and cDNA was
prepared using the High-capacity RNA-to-cDNA Kit (Applied Biosys-
tems), both according to the manufacturer’s recommend protocol.
Gene expression was quantified by RT-qPCR using the LightCycler480
SYBR Green | Master (Roche) on a LightCycler480 instrument (Roche),
and analyzed by the AACt method using Gadph as a reference gene.

Primers used for RT-qPCR can be found in Table 1. After MCMV-
infection organs were harvested at P7, P15 and P40 and 1 g of isolated
gDNA was used to perform RT-qPCR. Viral M45 was normalized to
cellular GAPDH. RNA-Seq was performed and analyzed as previously
described*.

RNAseq data analysis

Quality of sequencing reads stored in FASTQ files was assessed using
FastQC (v0.67) and trimmed using Trim Galore! (v0.4.3). Reads were
mapped on the mouse genome version mml0 (UCSC) using STAR
aligner (v2.5.2)” with RefGene annotation. The number of reads
mapped to each gene (counts) was extracted from the BAM files
using FeatureCount (v1.5.3)° with the annotation version mm10 from
UCSC and the following parameters: exon feature file, unstranded, a
minimum mapping quality per read of 12, a minimum overlap of 1bp
and other parameters set to default. A quality report of each step was
generated using MultiQC (v1.5.0)”". R (v3.4.3) was used to perform
the Ward error sum of squares hierarchical clustering method’® and
principal components analyses (PCA). The process to extract the
gene counts from FASTQ files was run on Galaxy”’. Using the DESeq2
model, the differentially expressed genes (DEGs) showing adjusted p-
values (Wald test) of less than 0.05 and log 2 fold change greater than
0.97 were identified. Heatmaps were plotted using the pheatmap R
package (v1.0.8) calculated from scaled (Z-scores), normalized read
counts of DEGs with a hierarchical clustering of the rows. Normalized
counts generated by DESeq2 were assessed for artifacts or con-
tamination by other cell types. The list of genes used was based on
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Table 1| Primers used for RT-qPCR experiments

Target Forward primer Reverse primer Annealing temperature
Gapdh TCCTGCACCACCAACTGCTTAGCC GTTCAGCTCTGGGATGACCTTGCC Individual
Ccl2 TCTGGGCCTGCTGTTCAC TTGGGATCATCTTGCTGGTG 64°C
Ccl12 GCTACCACCATCAGTCCTCAGG CTTCCGGACGTGAATCTTCTG 60 °C
Cxcl10 TGCTGGGTCTGAGTGGGACT CCCTATGGCCCTCATTCTCAC 64°C
Cxclll CCACAGCTGCTCAAGGCTTCCT GCGAGCTTGCTTGGATCTGGGG 64°C
Ifi204 TGCTACCGTGGCTACTGAAA GCCACCCATCTTCAGTGGAA 60 °C
Tnfa TCTTCTCATTCCTGCTTGTGG AGGGTCTGGGCCATAGAACT 60°C
IFNB CTCCACCACAGCCCTCTCCA TCTGCATCTTCTCCGTCATCTCC 64°C
IFNy AGGAACTGGCAAAAGGATGGT TCATTGAATGCTTGGCGCTG 62°C
Enpp2 GCTGCACCTGTGATGATAAGG GCAGGTCGTCCATACAGGAG 60°C

Jun TGAGTGACCGCGACTTTTCA GAGGGCATCGTCGTAGAAGG 60°C
Sesn3 ACTACCTGCTCTGCACCAAC GTCAGGGGTTGAGACACTCG 60 °C
Tir3 TTGCGTTGCGAAGTGAAGAA TCGAGCTGGGTGAGATTTGTCC 62°C
M45 ATCTCCTCGAAGGGGAATGA TCGACAGACAGCCGTTCGT 60 °C
Gapdh (genomic) CTGCAGTACTGTGGGGAGGT CAAAGGCGGAGTTACCAGAG 60°C

Table 2 | Primers used for ChIP-qPCR experiments

Target Forward primer Reverse primer

Gapdh CTCCTGGCTTCTGTCTTTGG TGGCGTAGCAATCTCCTTTT
Bloc1s5 TGCCAGGAAGAACACTTGG TCGAAATCTACTAAGGCTGAAAGG
Ccl12 ACTTCCTATTGCTGGCCTCA CTCAGCCAGAAGGAAGCTGT
Enpp2 CGATGGCAAAAGTGAACAAG TCTGAACTGCTTCCATGCAC
Sesn3 GACCCCCTGAGAAGAGAACG TGGTGCAGAGCAGGTAGTTG
Stx18 CCAAACTGGGCCTATCTCTTTAG CGTCCCTTCGTGAGAATAAACC

All primers were used with an annealing temperature of 60 °C.

single-cell RNA-sequencing data from the mouse Allen Brain Map cell

types database®°.

Chromatin immunoprecipitation (ChIP)

Brain single cell suspensions were cross-linked in 1% PFA for 5 min, and
PFA was quenched with 0.25 M glycine for additional 5 min. Microglia
were then purified by FACS-sorting as described above. Following
sorting, purified microglia were lysed in 400 pL of lysis buffer (0.2%
NP40, 10 mM Tris-HCI pH 8, 10 mM NaCl containing protease inhibi-
tors (Roche cOmplete™ Protease Inhibitor Cocktail Tablets) and
10 mM butyrate) for 10 min. Nuclei were resuspend in 130 pL of
shearing buffer (0.1% SDS, 10 mM Tris-HCI pH 8, 1 mM EDTA, protease
inhibitor cocktail, 10 mM butyrate) and the DNA was sheared using the
Covaris M220 Focused-ultrasonicator (PIP 75W, dr 5%, 200 cycles/
burst). Immunoprecipitation was performed on the sheared DNA from
50,000 microglia using the immunoprecipitation buffers from the
iDeal ChIPseq Kit for Histones (Diagenode). Briefly, sheared DNA was
incubated with 0.5 pg of antibody overnight (rotating, 4 °C) in 300 pL
of ChIP buffer. The next day, 10 uL of protein A magnetic beads
(Diagenode) was added to the reaction and incubated for 3 h (rotating,
4°C). The beads were then washed with each wash buffer once for
5min each, and the bead-antibody-histone-DNA complexes were dis-
sociated with 100 pL of Elution Buffer for 30 min at room temperature.
Samples were decrosslinked with 0.2 mg/mL of proteinase K and
0.1 mg/mL of RNase A first at 37 °C for 1 h, then at 65 °C overnight. DNA
was cleaned up using Minelute PCR Purification Kit (Qiagen) according
to the manufacturer’s instructions. ChlP enrichment was tested by
gPCR using primers against the promoter of Gapdh (positive control)
and a gene desert (Desl, negative control) and compared to an input
control. All primers used for ChIP-qPCR experiments can be found in

Table 2, and were designed against high H3K4me3 binding regions
found within 1 kbp of the respective gene promoter® using the UCSC
Genome Browser tool. Antibodies used for ChIP were ChIP-grade
H3K4me3 (abcam, ab8580) and H3K9ac (abcam, ab10812).

Organ homogenates and IFNy quantification

At day 6 (3, 7, 12, 24, 36 h.p.i.) the spleens and forebrains (meninges
were removed) were harvested and homogenized in 500 ul PBS with
phenylmethylsulfonil fluoride (PMSF; Sigma, St Louis, USA) using a
tissue homogenizer. Further homogenization was performed using the
Sonifier Cell Distuptor B15 (Branson Ultrasonics, Danbury, USA). The
samples were centrifuged at 10,000 g for 25 min at 4 °C. Supernatants
were collected and stored at —-80 °C until analysis by sandwich enzyme-
linked immunosorbent assay (ELISA). Optical densities were measured
at 450 nm, using a microplate ELISA reader (Biorad, Hercules, USA).

Western blot

Neonatal microglia were isolated from P6-8 male and female mice
using the same procedure as for adult microglia. Following Percoll
gradient density centrifugation, cells from the same sex were pooled
(up to 5 brains) and MACS-enriched using CD11b-biotinylated (clone
M1/70, eBioscience) and MACS anti-biotin Microbeads (Miltenyi Bio-
tec) following the manufactures recommended protocol. Enriched
microglia (200,000 cells per condition) were stimulated with recom-
binant mouse IFNy (rmIFNy) as indicated in the figure legends. Cell
lysates were prepared in 20 pL of RIPA buffer containing cOmplete
Protease Inhibitor (Roche) and sodium orthovanadate on ice for
30 min. Lysates were run on a 10% SDS-PAGE gel and blotted for
pSTATI1(Y701) (Cell Signaling Technology) and B-actin-HRP (Cell Sig-
naling Technology). pSTAT1(Y701) bands were quantified using Image)
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and normalized to the respective -actin band. Spleen homogenate
from Cx3cr1 x Usp18"* adult mice treated intraperitoneally with IFNf
for 24 h was used as a positive control for pSTAT1(Y701)"%

Fluorescence microscopy

After transcardial perfusion with phosphate-buffered saline (PBS),
brains were fixed in 4% PFA and embedded. 14-um cryosections were
blocked with PBS containing 5% bovine serum albumin and permeabi-
lized with 0.1% Triton X-100 in blocking solution. The following primary
antibodies were added overnight at 4 °C to label: Iba-1 for microglia
(1:500, WAKO, Japan), DCX for immature neurons (1:250, Santa Cruz
Biotechnology, USA), Ki67 (1:100, Invitrogen, USA) to detect proliferat-
ing cells, CD68 (1:100, BioRad, UK) to detect macrophages/activated
microglia and cleaved caspase-3 (1:100, Cell Signaling Technology, USA),
which is involved in the activation cascade of caspases responsible for
apoptosis execution. The lysosome was labeled with an antibody against
Lamp2 (1:200, Abcam, UK), the post synaptic density (PSD) protein
Homerl was detected by antibodies against Homer1 (1:500, Millipore,
USA), glutamatergic neurons by anti-vGlutl antibodies (1:200, Synaptic
Systems, Germany) and GABAergic neurons were detected by anti-
GAD67 antibodies (1:500, Sigma, USA). Primary antibodies against CD3
(1:100, BioRad, USA) detected T cells, anti-collagen IV antibodies (1:250,
Millipore, USA) labeled blood vessels. Secondary antibodies were added
as follows: Alexa Fluor 488, 1:500; Alexa Fluor 647, 1:500; Alexa Fluor
568, 1:500, for 2 h at room temperature.

Quantitative analysis

For all quantifications, counting was performed manually by a blinded
observer using the original images. Reconstruction was carried out in
order to allow for visualization. For Figs. 2a, 4f-i, 4n-q, 5e and Sup-
plementary Fig. 2a, b, DCX-immunoreactive cells in the DG were
counted in a 1 in 10 series of sections throughout the whole hippo-
campus. For the quantification of DCX-, Iba-1-, Ki67-, and CD68- posi-
tive cells, alone or in combination, representative images were
obtained by using a Keyence BZ-9000 Biorevo microscope. For Fig. 6n
Lamp2-positive areas per Iba-1-positive microglia were determined
using Image]J. Parenchymal CD3-positive T cells that are characterized
by an extravascular location outside collagen-IV-positive structures
were quantified on three sections per hippocampus (Figs. 3e; 6f, g). For
Figs. 2e and 6l images were taken using an Olympus Fluoview 1000
confocal laser scanning microscope equipped with a 20 x 0.95 NA
objective. For z-stacks a step size of 0.6 um was chosen and 3D images
with a resolution of 1024 x 1024 pixel were analyzed using IMARIS
software, version 9.6.0 (Bitplane). To determine the number of CD68-
and GFP-double positive signals per microglia cell (Iba-1), we manually
quantified the number of contact points, which displayed positive
signals for all three antibody markers.

Quantification of pre- and post-synaptic marker proteins

The sections (7 um) were scanned with an Olympus Fluoview 1000
confocal laser scanning microscope using a 63 x 1.4 NA objective and
4x zoom. The resulting z-stacks with 0.1-um steps in z direction and
1024 x 1024 pixel resolution were analyzed using IMARIS software
(Bitplane). To analyze the association of Homerl puncta with gluta-
matergic or GABAergic boutons, which was defined as synapse, we
quantified the proportion of boutons which were in direct contact with
at least one Homerl punctum by following the bouton through its
rostrocaudal length in the confocal z-series (Figs. 5i, j and 60).

Spine image acquisition and quantification

For quantification of dendritic spines (Fig. 2b-d; S4I), images were
captured on an Olympus Fluoview 1000 confocal microscope with a
63 x 1.4 NA objective and z-series (z-step of 0.1 um, a system optimized
value which offered the best z-resolution and kept the amount of
bleaching to a minimum) with 4x zoom and 1024 x1024 pixel

resolution. Images were analysed using IMARIS software (Bitplane). To
assess spine density, a minimum of 5-7 dendritic segments (length
10-30 pm) for each mouse brain was randomly selected and quantified.

Three-dimensional reconstruction

30 pm coronal cryo-sections from brain tissue were stained with anti-
Iba-1, anti-DCX and anti-CD68 (same concentrations as above) for 48 h
followed by AlexaFluor-conjugated secondary antibodies, which were
added for additional 24 h at 4°C. Imaging was performed on an
Olympus Fluoview 1000 confocal laser scanning microscope (Olym-
pus) using a 20 x 0.95 NA objective. Z-stacks were obtained with 0.8-pm
steps in z direction and 1024 x 1024 pixel resolution (Fig. 2a). Dendrites
and dendritic spines were reconstructed from Thyl-GFP transgenic
mice (Fig. 2b-d). Imaging was performed on an Olympus Fluoview
1000 confocal laser scanning microscope (Olympus) using a 63 x 1.4 NA
objective with a 4x zoom. Z-stacks were obtained with 0.1-um steps in z
direction and 1024 x 1024 pixel resolution. Reconstruction was per-
formed using IMARIS software (Bitplane).

Chromogenic immunohistochemistry

Images of chromogenic DAB immunohistochemistry of CD3-positive
T cells were acquired using a BZ-9000 Keyence microscope (Biorevo)
equipped with a brightfield filter (Fig. S4h). Chromogenic immuno-
histochemistry of 3 um thick FFPE sections was perfomed as previously
described®. The primary antibody against CD3 was obtained from
BioRad (1:100). Goat Anti-Rat IgG (1:200, SouthernBiotech) served as
secondary antibody antibody. Images were acquired using a BZ-9000
Keyence microscope (Biorevo) equipped with a brightfield filter.

Statistics and reproducibility

To obtain unbiased data, experimental mice of all relevant genotypes
were processed together and cell quantifications were carried out
blinded to the genotype. Only after finalization of all quantitative
measurements were the samples allocated to their genotypes. In all
behavioral assays, subjects were randomly assigned to a group and the
experiments were blind with respect to group assignments. No sta-
tistical methods were used to predetermine sample sizes and exact
group numbers were determined by animal availability. However, we
did ensure that our sample sizes were similar to those generally
employed in the field and all experiments were replicated at least
once® %, No data or mice (n) were excluded. If not indicated other-
wise, all experiments were performed once. Statistical analysis was
performed using GraphPad Prism (GraphPad Software, Version 9.5.1).
For comparisons between multiple groups, ANOVA was used followed
by Sidak post hoc test when applicable. When two groups were com-
pared, an unpaired two-tailed t-test was applied. Unless indicated
otherwise, data are expressed as mean + SEM.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Bulk RNA sequencing
datasets were deposited into the Gene Expression Omnibus database
under accession number GSE198473 and are available at the following
URL: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE198473. Source data are provided with this paper.
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